The transposition of parts of the mitochondrial (mt) genetic material into the nuclear genome (NUMTs) occurs in a wide range of eukaryotes. Here, we show that NUMTs exist for nearly all regions of the mt genome in the demosponge Amphimedon queenslandica, a representative of the oldest phyletic lineage of animals. Because the sponge NUMTs are small and noncoding, and transposed via a DNA intermediate, as in eumetazoans, we infer that the transpositonal processes underlying NUMT formation in contemporary animals existed in their most recent common ancestor. In contrast to most bilaterians, Amphimedon NUMTs are inserted into regions of high gene density. Given the common features of metazoan NUMTs, the reduction in animal mt genome sizes relative to other eukaryotes may be the product of the mt DNA transposition mechanisms that evolved along the metazoan stem.
The integration of mitochondrial (mt) genes into the nuclear genome is of physiological and evolutionary importance. In animals, mt genes transposed into the nucleus typically have reduced rates of deleterious mutations compared with those maintained in the asexually propagated mt genome (Pereira and Baker 2004) . In addition, the shedding of genes and the compaction of the mt genome allow for faster replication and appear to confer a competitive advantage over larger mt genomes (e.g., Blanchard and Lynch 2000) . Besides the transposition of complete genes, edited RNA precursors and nontranscribed DNA segments are known to move between plastids and the nucleus (Nugent and Palmer 1991) . Pseudogenic copies of mt genetic material transposed to the nucleus (NUMTs) occur in a wide range of eukaryotes (reviewed in Bensasson et al. 2001) . Most of these mt-derived sequences are not functional because they are either 1) fragments of genes, 2) comprise noncoding regions, 3) became pseudogenes during the transposition event or 4) no longer translatable because of differences in mt and nuclear genetic codes (Lopez et al. 1994; Hazkani-Covo et al. 2003) . Transposition of NUMTs into functional genes can have substantial impact on normal nuclear gene function and in some cases trigger diseases (e.g., Willett-Brozick et al. 2001) .
Our knowledge of mt copies transposed into animal nuclei is largely restricted to the Bilateria (reviewed in Bensasson et al. 2001 ) and studies of NUMTs in nonbilaterian animals are rare. There has been no analysis for the earliest branching metazoans, the sponges (Porifera, Philippe et al. 2009 ), but they are particularly important in understanding metazoan mt genome evolution (Lavrov 2007) . Likewise, comparison of sponge and eumetazoan mt genomes to the mtDNA of the sister taxon to animals, the choanoflagellates, provides a means to identify evolutionary events that occurred along the metazoan stem after the divergence of animal and choanoflagellate lineages. The mt genome of the choanoflagellate Monosiga brevicollis is 76 kb and encodes 37 genes compared with most metazoan mt genomes that are ;16 kb in length and have a relatively strict content of 13 protein-coding genes, 2 rRNA genes, and several tRNA genes. Sponge mt genomes share characteristics with both metazoan and unicellular holozoan mt genomes because they are about 17-27 kb and possess an intermediate suite of protein-coding genes. Therefore, understanding the role of NUMTs in this ancient animal group can shed light on the evolutionary processes underpinning the genesis of the archetypal compact mt genome shared by eumetazoans.
The sequencing of the first sponge genome, the demosponge A. queenslandica (Srivastava et al. 2010) , has allowed for the first analysis of NUMT evolution in noneumetazoan animals. By comparing A. queenslandica mt (Erpenbeck et al. 2007 ) and nuclear genomes (see supplementary Materials and Methods, Supplementary Material online), we have assessed NUMT abundance in A. queenslandica, their means of transposition, the MBE preferred mt regions to be transposed, and the nuclear insertion regions as predicted from the assembled and annotated genome.
Figure 1 provides an overview of the mt regions transposed to the A. queenslandica nuclear genome. Following our search criteria, we detected 71 NUMT sequences in the A. queenslandica genome (supplementary table S1, Supplementary Material online); an additional ca. 300 putative NUMT candidates have been identified but not verified because of low trace coverage. A. queenslandica NUMTs represent almost the entire mt genome similar to observations made in vertebrates (Parr et al. 2006) . The length of the detected Amq NUMTs varies between 19 and 1,269 bp (mean: 222 bp), which also is similar to the size range of NUMTs found in many other metazoans (e.g., Mus musculus mean: 281 bp, Ciona intestinalis: 291 bp, Richly and Leister 2004a).
All detected A. queenslandica NUMTs appear to be nonfunctional pseudogenes as evidenced by their short sizes and mutations in the coding sequence. This is similar to other metazoans (i.e., no functional metazoan NUMTs have been found even among those that appear to encode intact products Herrnstadt et al. 1999) . In contrast, plants and fungi occasionally possess functional nuclear copies of mt sequences (Bensasson et al. 2001) ; in some plants, transposition can still be observed (Knoop et al. 1995) . Therefore, our observations in A. queenslandica are consistent with the view that no transfer of functional mt genes into the nuclear genome occurred after origin of the Metazoa (Boore 1999).
In bilaterians, NUMTs tend to be located in regions of the nuclear genome without any significant similarity to known or predicted genes (e.g., Woischnik and Moraes 2002; Pereira and Baker 2004) . In contrast, a substantial fraction of the A. queenslandica NUMTs are located in regions of high gene density (see supplementary table S1, Supplementary Material online) and even inside introns flanked by coding regions (fig. 2 ). For example, nad2, cob, and nad6 fragments are transposed into introns of the membrane glycoprotein LIG-1, the polyadenylation factor I complex, and a novel predicted protein (Aqu.1_219402), respectively ( fig. 2A-C) . Likewise, the NADP/FAD dependent oxidoreductase intron 11 contains a cluster of cox3 plus three consecutive rnl NUMTs (fig. 2D) . The latter produce a potential new 29 amino acid exon in a variable region of the protein with undetermined function. It is not clear if these rnl NUMTs result from diversification of one single piece after insertion or if the tandem arrangement might derive from end joining prior to insertion (Richly and Leister 2004b; Noutsos et al. 2005) . Furthermore, a nad5 NUMT is transposed into the start of intron 3 of a carbohydrate kinase ( fig. 2E ; Aqu1 210246). Its separation by a stop codon and reading frame switch excludes the formation of a chimeric molecule with the exon 3.
The prevalent localization of A. queenslandica NUMTs in gene-rich or intron regions probably is not because the nuclear genome size of A. queenslandica, which is 167 Mb and thus similar to the Drosophila and Ciona genomes, and larger than the Caenorhabditis genome. In areas of low gene NUMTs in Sponges · doi:10.1093/molbev/msq217 MBE density, Amq NUMT sequences are found in regions that are rich in repetitive elements. LINES and other retroelements have been regarded as potential vectors for NUMT transposition because of their proximity in the genome (Tsuzuki et al. 1983; Wakasugi et al. 1985) . However, there is currently no observable relationship between A. queenslandica NUMTs and transposable elements. In this respect, A. queenslandica resembles many bilaterians for which direct DNA transfer rather than cDNA-mediated transposition of mt genome is assumed (Perna and Kocher 1996; Henze and Martin 2001; Woischnik and Moraes 2002; Pereira and Baker 2004) .
Many A. queenslandica NUMTs span mt gene boundaries. Although mtDNA transcription yields polycistronic RNA, processing into individual mRNA and tRNAs occurs rapidly (Attardi et al. 1990 ). Because of the very short life span of the polycistron RNA, the generation of a NUMT via a RNA-based transfer mechanism is unlikely to span more than one of the prevalent mature RNA species. Likewise, the integration of two independent RNA molecules at the same locus is improbable (p 5 1/(size of genome); Woischnik and Moraes 2002) .
The A. queenslandica NUMTs display differing levels of sequence similarity to their matching mtDNA sequences (supplementary table S1, Supplementary Material online). We performed phylogenetic analyses of selected NUMTs of identical mt origin to evaluate their evolutionary patterns (supplementary fig. S1 , Supplementary Material online). These phylogenetic analyses reveal that these Amq NUMTs originated from independent transfers as reported for humans . The absolute number of direct mt insertions into the nucleus may be lower, as NUMT-like sequences also can result from duplication events after insertion into the nucleus (Tourmen et al. 2002; Bensasson et al. 2003; Kim et al. 2006) . However, the absence of identical A. queenslandica NUMTs indicates that such events have not occurred recently and the phylogenetic analyses did not provide evidence for NUMT duplication events (supplementary fig. S1 , Supplementary Material online).
In conclusion, the NUMTs we detected in A. queenslandica share many features present in bilaterian NUMTs, including size, nonfunctionality, and transposition mechanism (see recent overview of Hazkani-Covo et al. 2010) . We therefore infer that the evolutionary and transpositonal processes underlying NUMT production in modern metazoans was already present in their most recent common ancestor. We may also assume that, at least since the origin of the crown metazoans, the processes responsible for NUMT evolution have not been influenced by the general mtDNA compression of gene number and intergenic region size that has occurred along the eumetazoan lineage.
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